We have studied an intensity increase of a number of Raman-active phonons below the superconducting transition temperature in YBa 2 Cu 3 O 7Ϫx , Bi 2 Sr 2 CaCu 2 O 8ϩx , and Tl 2 Ba 2 CuO 6ϩx crystals. It is shown that the effect depends on polarization, doping, and resonance conditions. Different scattering mechanisms that can be responsible for the effect are briefly discussed. ͓S0163-1829͑99͒02117-7͔
Most Raman studies of phonons in the cuprate superconductors have been centered on phonon assignment and frequency anomalies, the renormalization of the 340-cm Ϫ1 mode in YBa 2 Cu 3 O 7Ϫx ͑Y123͒ being the best-known example. 1 Due to the experimental difficulties, much less attention has been paid so far to the intensity of Raman phonons. The studies of intensity are more difficult to carry out, but they are more informative and can provide information about the scattering mechanism as has been demonstrated for Y123 crystal. 2, 3 Moreover, the phonon intensity analysis can also be used to obtain information about the superconducting state. 4 Several years ago, Friedl et al. 5 observed an anomalous intensity increase for all fully symmetrical phonons of Y123 in the superconducting state. Recently an intensity gain was observed in Hg-based superconductor. 6 In this paper, we report a further study of this abnormal intensity behavior and show that the effect depends on polarization, doping, and resonance conditions. In addition, we demonstrate that the effect exists in other superconducting crystals, too. We surmise that in the superconducting state, which is inherently coherent, scattering mechanisms can be different from those in the normal state.
The present measurements were performed using different lines of Ar ϩ and He-Ne lasers. The scattered light was dispersed with a resolution of 2.5 cm Ϫ1 and detected by a nitrogen cooled charge coupled device detector. The accuracy of intensity measurements was better that 10% of the intensity of the electronic Raman continua. The samples were attached to a cold finger of the optical cryostat with diluted varnish. The position of the illuminated 50 m spot was controlled with an accuracy of about 10 m by means of a microscope attachment. The beam was incident on the crystal surface at the Brewster angle in order to minimize the reflected radiation. All spectra were corrected for the detector and optical system response and normalized for laser power ͑the intensity of the spectra is given in arbitrary but fixed units͒. The laser power density on the sample was low ͑ϳ10 W/cm 2 ͒ in order to avoid overheating of the sample. Moreover, the laser power was kept constant within the whole temperature run for each polarization. The temperatures referred to throughout the paper are the nominal temperatures inside the optical cryostat.
The superconducting Y123 crystal were grown by a flux method with T c ϭ88 K. By applying uniaxial pressure the crystals were detwinned. The oxygen content of the crystal could be reduced rendering it nonsuperconducting by heating it at 450°C in flowing Ar gas for a few hours. The lowtemperature anneal in oxygen atmosphere led to the increase of T c up to 92 K. The Bi 2 Sr 2 CaCu 2 O 8ϩx ͑Bi2212͒ crystal had T c ϭ90 K, whereas the Tl 2 Ba 2 CuO 6ϩx ͑Tl2201͒ showed the onset of the superconducting transition at T c ϭ87 K. The transition temperature of the Bi2212 crystal could be slightly changed by annealing in flowing Ar gas. The annealing at 580°C for 48 h resulted in T c ϭ83 K. All the crystals were oriented using Laue x-ray-diffraction patterns and the T c values were determined through magnetization measurements. The scattering configurations used in this study were defined by specifying the polarization with respect to the axes along the Cu-O bonds of the CuO 2 planes.
Since we are primarily interested in the superconductivity effects on the phonon intensity we studied the Raman scattering at different polarizations for temperatures slightly above and well below T c . We observed that upon cooling below the transition temperature some phonons demonstrate a substantial increase in intensity. For Y123, in contrast to the study of Friedl et al., 5 which was carried out on the twinned Y23 films, we were able to detect a polarization dependence of the intensity enhancement. This can be clearly seen in Fig. 1 where the Raman spectra of the as-grown Y123 crystal for four main polarizations are shown. Indeed, there is almost no intensity enhancement for the Cu mode in the xx polarization. As can also be seen from the figure, the effect depends on scattering geometry for other phonons, too: the 500 cm Ϫ1 phonon gains in intensity for the yy and zz polarizations, but almost no effect is observed for the xx one. The Ba mode at 117 cm Ϫ1 and the defect induced mode at Ϸ590 cm Ϫ1 show the pronounced intensity increase in the yy polarization only.
To demonstrate more clearly the effect for the Ba mode, which is masked by the superconducting gap opening, we Bose factorized the spectrum shown in Fig. 2 and subtracted the electronic background. We note in passing that the intensity enhancement would be more pronounced for any of the modes of Fig. 1 , if we corrected the spectra for the Bose thermal factor. This is clearly demonstrated by Fig. 2 . It is worth pointing out that not only peak intensities show the increase, but also integrated intensities are enhanced, as clearly seen in Figs. 1 and 2 . This indicates that the intensity gain is not due to altered damping in the superconducting state, since the damping is not expected to modify the integrated intensity. It is to be noted that the intensity increase for the Ba and high-frequency phonons, most pronounced in the yy polarization, can hardly be ascribed to the electronic continuum redistribution in the superconducting state. The yy polarization contains admixture of B 1g symmetry, but pair breaking peak for the B 1g symmetry is known to be located around 500 cm Ϫ1 and to be much broader than oxygen phonons 7 ͓see also panel ͑d͒ of Fig. 1͔ . Moreover, the Ba mode, for which the intensity enhancement effect is the strongest, is located well below the superconducting gap observed in either symmetry. The intensity anomaly of the B 1g -like 340 cm Ϫ1 mode is observed for both the xx and yy spectra. Unfortunately, in order to separate out the phonon contribution from the piling up of the electronic continuum due to superconducting gap formation, which occurs for A 1g symmetry ͑an xx polarization measures A 1g ϩB 1g excitations͒ at the phonon frequency, one should apply a quite complicated procedure. 7 However, in the xЈyЈ polarization, where the gap and the phonon are well separated, the intensity enhancement is still present.
Similar intensity enhancement was also observed for an optimally doped Bi2212 crystal. As shown in Fig. 3 the effect, being negligibly small at the violet (ϭ458 nm) excitation, is observable for the oxygen phonons in the spectra obtained with the red (ϭ633 nm) laser line. For an Arannealed Bi2212 crystal, the intensity enhancement is stronger than for the optimally doped crystal as can be seen from a comparison of the ͑a͒ and ͑d͒ panels of Fig. 3 . For the underdoped Bi2212 crystal, the effect is most pronounced for the 475 cm Ϫ1 mode and might also exist for the 300 cm mode. However, for the 300 cm Ϫ1 peak we could not single out the phonon contribution from the redistribution of the electronic continuum, which occurred in the same frequency range. 8 In the same Fig. 3 we show the B 1g spectrum of the optimally doped Bi2212 crystal, obtained with the red excitation. Due to a resonance effect, 9 this polarization contains no phonons, demonstrating a pure electronic response change due to the superconductivity. Figure 4 shows the Raman spectra of Tl2201 crystal. The intensity enhancement is present for the high-frequency oxygen modes for both polarized and unpolarized scattering geometries. Besides the intensity enhancement of the apical oxygen mode at 490 cm
Ϫ1
, the feature at 655 cm
, being almost indiscernible in the normal-state spectra, becomes more prominent in the superconducting state. However, as in the case of the xx and yy polarizations in Y123, the observation of the phonon anomalies in the xЈyЈ polarization of the Tl2201 is hindered by the superconducting gap opening, which exists in the same frequency range for the B 1g symmetry. 10 Such big changes in the phonon intensity as a function of temperature are not observed for the nonsuperconducting Y123 crystal, as shown in Fig. 5 for the zz and xx polarizations. We observed in this crystal the usual Bose temperature dependence for all phonon modes and no electronic continuum redistribution down to the lowest attainable temperature. It should be noted here that for the strongly underdoped Y123 crystal with T c ϭ57 K the effect for the B 1g -like 340 cm Ϫ1 phonon was reported to be weaker than for the optimally doped crystal. 11 Furthermore, even for the superconducting Y123 crystals, the increase in phonon intensity was dependent on the photon energy as shown in the inset to Fig. 2 for the Ba mode in the yy polarization. To demonstrate this resonance we measured the integrated intensity in the following way. First, we converted through the Bose factorization the spectrum I(,T) into Љ(,T) which depends on intrinsic properties of the crystal but not on the phonon occupation numbers. Then the electronic continuum was sub- tracted assuming it was linear for the low Raman shifts. The reduced difference ͓Љ(,T)ϪЉ(,Tϭ5 K)͔/Љ(,T ϭ5 K) was normalized to that obtained at ϭ633 nm. We found that this procedure gives the same result as fitting the Ba mode with a Fano profile plus linear background to obtain the integrated intensities from the fitting parameters. The observed resonance dependence, shown in the inset of Fig. 2 , indicates that interband transitions are important for the intensity enhancement effect.
The increase in intensity can hardly be ascribed to a modification of the light penetration depth due to superconductivity because the superconductivity does not substantially affect the high-frequency response ͑the relevant frequency in our case corresponds to the energy between 2 and 2.7 eV͒. 12 Moreover, the alteration of penetration depth, if existed, would lead to a uniform change of the intensity for allRaman phonons. Although the effect does show a dependence on photon frequency, the intensity enhancement is unlikely to be a resonance effect due to conventional temperature alteration of the electronic spectrum. This is supported by the following observations. First, the strong intensity enhancement begins only below the superconducting transition being absent in the normal state. 5, 6 Second, the resonance properties have been well known both for the normal and superconducting states of Y123. 2, 3 Given the 40% increase for the 500 cm Ϫ1 phonon in the zz polarization and using the resonance profiles from Refs. 2 and 3, some 25% increase might be anticipated for the other three modes in the zz polarization. This is in clear disagreement with our experimental results shown in Fig. 1 . Apart from the discrepancy in relative intensities, it is not possible to obtain such intensity increase due to conventional resonant enhancement for the 500 cm Ϫ1 phonon even in the zz polarization where the resonance effects are most strong. According to local density approximation calculations, 2 the intensity peaks at the violet excitation and then goes down, the increase between the green and violet excitations being less than 20%. Lastly, lack of the intensity anomaly for a nonsuperconducting Y123 sample offers further evidence against the usual temperature alteration of electronic spectrum. Although the correlation between the onset of the intensity enhancement and T c has been established in the previous temperature studies, 5, 6 we decided to check the correlation by measuring the Raman spectra at a few temperature points above T c for a near optimally doped Y123 crystal. Figure 6 , where four spectra for the fully symmetric component are shown, demonstrates the result. The A 1g components were derived from the spectra measured in the yy and xЈyЈ polarizations. Even though a small increase in intensity, which, however, did not significantly exceed our experimental accuracy, was observed in the normal state, the substantial intensity increase occurred in the superconducting state only. Therefore we conclude that the strong intensity increase is a superconductivityinduced effect. Additional support for the superconductivityinduced nature of the effect can be obtained from a comparison of the temperature dependence of additional phonon intensity with that of the 2⌬ peak that is believed to be related to the superconducting condensate. 13 This comparison is done in Fig. 7 where we plot the normalized additional intensity for the Ba mode in Y123 together with the normalized 2⌬ peak intensity in Bi2212 as a function of temperature. The comparison is intentionally done between the Ba mode of Y123, where effect is not obscured by the piling up of the electronic states due to the gap opening, and the electronic scattering in Bi2212 crystal with approximately the same T c . As can be seen from panel ͑c͒ of Fig. 3, the B 1g symmetry spectrum of the Bi2212 crystal taken at ϭ633 nm does not contain any phonons. This enables us to measure the pure electronic contribution in a unique and direct way. The 2⌬ peak of the electronic Raman scattering is thought to be associated with Cooper pair breaking excitations. Therefore its intensity is expected to be proportional to the superconducting condensate density. 13 The agreement between the two experimental curves in Fig. 7 is quite satisfactory lending some support to the suggestion that the phonon intensity enhancement can be related to the superconducting electrons. We would like to caution here that only the trends in the temperature dependence of electronic and phononic Raman scattering are meaningful. To prove that they have the same functional form in the superconducting state will require a much more detailed study with a higher experimental accuracy for both the temperature and intensity measurements. Also it should be mentioned again that a similar temperature dependence as we show in Fig. 7 was reported for the Y123 phonons and for the 265-and 400-cm Ϫ1 A 1g phonons in HgBa 2 Ca 2 Cu 3 O 8Ϫ␦ single crystals (T c ϭ130 K). 5, 6 In the latter compound, besides the increase in phonon intensity with temperature in the superconducting state, Cardona and co-workers managed to detect a kink in the temperature dependence and related it to the opening of a second superconducting gap also detected by the electronic Raman scattering.
Let us recall that being proportional to the phonon population, the Raman intensity for nonresonant phonon scattering must follow the Bose-Einstein temperature dependence. The observed deviation can be considered as a sign that either the number of phonons has increased, or the scattering mechanism changed. The former possibility is not expected for an equilibrium process and can be ruled out because of the observed polarization and resonance dependence of the effect. Thus we are left with the second possibility and it is quite plausible to assume that the Cooper pairs, apart from providing an additional scattering channel for electronic Raman scattering, may lead to an increase in the phonon Raman intensity. If we accept the explanation that the observed increase is induced by superconductivity, the polarization dependence can be considered as a sign that in Y123 there is a superconducting condensate which resides in the CuO chains. This is consistent with the conclusion of the specificheat measurements suggesting evidence for chain superconductivity.
14 The resonance and polarization dependencies can be understood as a contribution of the transitions that involve the states near the Fermi surface varies for the different excitation wavelengths and scattering geometries.
It is worth noting that a similar increase of the Ba phonon amplitude in the superconducting state was reported in femtosecond pump-and-probe experiments. 15 In these experiments, a correlation between the Ba-mode amplitude and the maximum negative reflectivity change was interpreted as the driving force for the coherent Ba phonon was governed by the number of optically broken Cooper pairs. A detailed comparison of the time resolved spectra with Raman scattering is difficult at present, because the pump-and-probe experiments were carried out at different excitation wavelengths and did not cover the whole frequency range available in the Raman spectra. Nevertheless, what our frequency domain spectra have in common with the time domain data is the temperature behavior of the Ba mode-it increases in intensity as the temperature is reduced. Since the pump-and-probe experiment is a time resolved analogue of Raman scattering, 16 the two effects may have a common origin. However any straightforward comparison between time and frequency domain spectra is premature because line shape and temperature dependence obtained by these two spectroscopies can be drastically different. 17, 18 When a crystal goes superconducting, quasiparticle pairing reduces the excitation density of states near the Fermi level relative to the normal state. It is reflected in the depleted low-frequency response seen at low temperatures in Figs. 1, 3, 4 , and 6. This reduction occurs since all Cooper pairs, when they condense, are described by a wave function with the same phase. 19 The superconductivity makes part of the electrons coherent ͑the phase uncertainty is negligibly small͒ mixing occupied and unoccupied states within the Bogoliubov-Valatin transformation. 19 The mechanism for Raman scattering in the normal and superconducting states might well be different because of coherence of the superconducting state. The role of the superconducting condensate in the Raman scattering is usually reduced to introducing the energy gap ⌬ in the excitation spectrum. [20] [21] [22] This is justified for conventional superconductors by the fact that the condensate fraction is small ͑order of 10 Ϫ4 ͒. In the high-T c superconductors, this fraction is two orders of magnitude larger, and therefore the condensate should be taken into account. Now we can briefly discuss the mechanisms relevant for the phonon intensity increase. As an example, we consider Raman scattering by the Ba mode in Y123 within the frozenphonon ͑adiabatic͒ approximation. Within this approach the matrix element of Raman scattering ͑we consider it for the yy polarization where the effect is the strongest͒ has the form
where M f i (y) (k) is dipole matrix element between the oneelectron, occupied ͑below the Fermi level͒ initial ͉i,k͘ and the free ͑above the Fermi level͒ final ͉ f ,k͘ states, k is the electron momentum, u is the z-axis Ba-ion displacement con- sidered here as a classical quantity, and f i (k) is the interband distance. The integrated phonon scattering intensity is proportional to ͉R͉ 2 . The dipole matrix element in Eq. ͑1͒ is determined mainly by an overlap of the p y orbitals of the chain, apical, and plane oxygen ions with the s orbitals of the Ba ion. As a consequence, the scattering depends substantially on Ba-O separation.
There are two main contributions to the Raman matrix element. One of them, ‫ץ‬M f i (y) (k)/‫ץ‬u, arises due to phononinduced polarization of the wave functions, whereas other one, determined by f i (k)/‫ץ‬u, is due to changes in the band energies, caused by the ions displacements. The latter term is important near a resonance. Superconductivity can affect R in Eq. ͑1͒ in several ways. The first possibility arising within the strong electron-phonon coupling effects is related to changes in the lattice subsystem due to superconductivity. The dipole momentum matrix element depends exponentially upon the interatomic distance. Since Raman intensity in the yy polarization is roughly proportional to ͉M f i (y) (k)͉ 4 , even small mean displacements of the ions in the superconducting state from their equilibrium positions in the normal state can lead to phonon intensity change. The interband distances f i (k) are also influenced by the ion displacements. There is, however, another possibility arising due to the superconductivity-induced change in electronic subsystem. Within this ''electronic'' approach one should mention three possible scenarios. First, since the photons cause oneelectron transitions, it is necessary to virtually break a Cooper pair to initiate Raman process. Since the one-electron and Cooper pair states are related by the Bogoliubov-Valatin transformation, matrix elements of the one-electron transitions are modified in the superconducting state. This effect can be further enhanced by an electron-hole asymmetry that is important for the large density of electronic states ͑Van Hove singularity͒ and for the large superconducting gap.
Moreover, since the Bogoliubov-Valatin transformation includes free and occupied one-electron states near the Fermi surface, the integration region in Eq. ͑1͒ can be considerably extended. Second, appearance of the gap in the electronic spectra leads to distinct changes in the denominator of Eq. ͑1͒. Last, an additional contribution can be due to a possible superconductivity-induced redistribution of the holes between the CuO 2 planes and CuO chains. Since the matrix elements for the transitions between Ba and plane and chain oxygens are different, the redistribution can result in an alteration of the Raman matrix element. All these effects can contribute to the observed gain of intensity. A detailed theoretical analysis of the different mechanisms is the subject of a separate publication. 23 In summary, we have observed a sharp intensity increase for a number of Raman phonons in the superconducting state of various high-T c superconductors. The effect has a clear polarization dependence, with different phonons gaining in intensity at different scattering geometries. Moreover, the effect exhibits resonance and doping dependences, being most pronounced for the spectra excited with low-energy photons. The temperature evolution of the intensity enhancement suggests that this superconductivity-induced effect can be caused by the altered scattering mechanism in the superconducting state.
